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Direction selectivity (DS) is an important neuronal
property in the visual system, but how DS is gener-
ated beyond the retina remains controversial. Here,
we report a close correspondence between the
preferred direction (PD) and the morphology of DS
cells in the optic tectum. Ca2+ imaging in cells ex-
pressing the genetically encoded Ca2+ indicator
GCaMP3 and multiphoton-targeted patch-clamp
recordings allowed us to compare structure and
function in single neurons. The arbors of differently
tuned cell types showed stereotypic differences in
shape and laminar profile within the tectal neuropil.
Excitatory synaptic inputs were directionally tuned
and matched the PD of spike output in these cells,
while inhibitory inputs were selective for nonpre-
ferred directions. Functional Ca2+ imaging in afferent
axons showed a matching laminar distribution of
DS presynaptic activity. Hence, different directions
are represented in different layers, which suggests
a simple mechanism for how tectal neurons acquire
directional tuning in a nascent circuit.
INTRODUCTION
In most areas of the vertebrate and invertebrate visual system,
direction-selective (DS) neurons are found that can functionally
be classified by their asymmetrical responses to visual stimuli
moving in different directions. Detection of stimulus direction is
implemented in the retina, where it is encoded in the spiking
responses of multiple classes of retinal ganglion cells (RGCs)
(Oyster and Barlow, 1967; Borst and Euler, 2011; Vaney et al.,
2012). In subcortical structures, DS neurons are found in regions
implicated in direction-dependent motor behaviors, such as
optokinetic nystagmus mediated by the accessory optic system
(Simpson, 1984; Masseck and Hoffmann, 2009) or orienting eye
and head movements controlled by the superior colliculus (Hor-
witz and Newsome, 1999; Krauzlis et al., 2004). Most cortical
areas involved in visual processing contain DS neurons, notably
primary visual cortex and area MT (Hubel and Wiesel, 1962;NeDubner and Zeki, 1971). The computational role of DS neurons
in these areas is manifold, including motion-dependent image
segmentation and providing bias for complex motion discrimina-
tion tasks (Nakayama, 1985; Britten et al., 1992).
Several mechanisms of how a neuron can generate DS
responses have been proposed. Clear evidence for a null-
direction inhibition model has been found in the retina, where
starburst amacrine cells inhibit postsynaptic RGC dendrites
preferentially in the null direction (Barlow and Levick, 1965; Euler
et al., 2002; Fried et al., 2002; Briggman et al., 2011). Alternative
models have been advocated in cortical cells, in which excitation
and inhibition often exhibit the largest response in the same
direction of motion (Priebe and Ferster, 2005). Here, emergence
of DS spiking is thought to be the result of a spatiotemporal shift
of excitatory and inhibitory subregions in the receptive field, in
combination with a nonlinear threshold mechanism (Adelson
and Bergen, 1985; Priebe and Ferster, 2005).
The optic tectum in larval zebrafish is a widely used model for
the development and function of vertebrate visual circuits. Ques-
tions of axon guidance, retinotopic map formation, and laminar
specificity have successfully been addressed in this midbrain
structure (Karlstrom et al., 1996; Trowe et al., 1996; Xiao et al.,
2005). The teleost tectum, which is homologous to the mamma-
lian superior colliculus, plays a role in controlling visual grasping
and prey capture (Akert, 1949; Gahtan et al., 2005). Ca2+ imaging
has demonstrated that DS responses in tectal cell somata
appear at early stages of retinotectal innervation (Niell and Smith,
2005). Furthermore, DS responses can be entrained by rhythmic
visual stimulation (Sumbre et al., 2008). Interestingly, when
unilateral lesions are performed that lead to binocular innervation
of the remaining tectum, tectal DS neurons exhibit the same
directional preference for moving stimuli presented to either
eye (Ramdya and Engert, 2008).
Apart from some exceptionally clear examples in the insect
and mammalian retina (Borst and Euler, 2011), information on
how DS neurons are integrated in a visual circuit has been
scarce. In the fly visual system, excitatory presynaptic DS
signals are generated by correlation-type movement detectors
and distributed to different layers of the lobula plate, according
to directional preference (Buchner et al., 1984; Borst et al.,
2010). In the mouse visual system, presynaptic axon terminals
from genetically distinct DS-RGC subtypes form layer-specific
maps in subcortical visual areas (Huberman et al., 2009; Kayuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Inc. 1147
Figure 1. Somatic GCaMP3 Ca2+ Transients
in a Panneuronal Line
(A) Dorsal view of a tectal hemisphere imaged
in a Tg(huC:Gal4;UAS:GFP) animal. For consis-
tency in orientation, this image and some other
images were reflected horizontally. Scale bar
represents 50 mm.
(B) Dorsal view of a tectal hemisphere imaged in a
Tg(huC:Gal4;UAS:GCaMP3) animal. Dashed box
indicates region used for somatic imaging. Scale
bar represents 50 mm.
(C) Experimental set up. A microprojector is used
to display visual stimuli on a diffusive screen
surrounding the experimental chamber. The ze-
brafish is facing the projector with one eye. A dye-
filled patch electrode is used to record from
neurons in the contralateral tectal hemisphere.
(D) Ca2+ transients from four somata imaged in a
Tg(huC:Gal4;UAS:GCaMP3) larva during presen-
tation of bars moving in eight directions. Thin lines
represent response to single presentation. Thick
trace represents average response. Grey areas
indicate time of stimulus. Center: polar plot of
normalized peak amplitudes of Ca2+ transients
during stimulus presentation. Arrow shows vector
sum of normalized peak amplitudes, indicating PD
and DSI (Taylor and Vaney, 2002).
(E) DSI and PD for 718 cells analyzed in six
Tg(huC:Gal4;UAS:GCaMP3) larvae that showed
responses to moving bars (see Experimental
Procedures; total number of cells imaged: 1,149;
responsive cells: 62.5%). Red circle marks a DSI
of 0.3, used as criterion for DS.
(F) Histogram of PDs for all DS cells from (E) (458 of
718 = 63.8% of responsive cells; 458 of 1,149 =
39.9% of all analyzed cells).
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Laminar Specificity of Direction-Selective Neuronset al., 2011; Rivlin-Etzion et al., 2011). By contrast, much less is
known about whether the laminar structure and branching
patterns of postsynaptic DS neurons correlate with directional
preference beyond the retina (Wang et al., 2010).
Here, we investigate this question in the larval zebrafish
tectum with a combination of multiphoton Ca2+ imaging, in vivo
electrophysiology, and morphological analysis (Friedrich et al.,
2010). Using the Gal4-UAS system to express the genetically
encoded Ca2+ indicator GCaMP3 in specific cell types, we iden-
tified individual directionally tuned tectal neurons for subsequent
multiphoton-targeted patch-clamp analysis. The comparison of
structure and function at single-cell resolution revealed a strong
correlation of morphological profile, laminar targeting, and direc-
tional preference in several cell types and layers in the larval
tectum. This regular arrangement suggests a functional special-
ization of tectal laminae, whichmay explain how a nascent circuit
can readily perform computational tasks while being under
construction.
RESULTS
Identification of Direction-Selective Tectal Neurons
Using the Genetically Encoded Ca2+ Indicator GCaMP3
We used the binary UAS-Gal4 system to target fluorescent
reporter constructs to tectal neurons. We first generated a trans-1148 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Incgenic line that expresses the transcription factor Gal4 under
control of the panneuronal promoter huC (Kim et al., 1996).
When these fish were crossed with a Tg(UAS:GFP) reporter
line, offspring larvae showed green fluorescent protein (GFP)
expression throughout the CNS. In the retina we observed fluo-
rescently labeled RGCs, which project to the superficial layers of
the tectal neuropil. In the optic tectum, most cell bodies as well
as their dendritic arbors were labeled. Consistent with these
findings, we observed GFP-positive layers throughout the tectal
neuropil (Figure 1A).
In order to identify DS neurons in the larval zebrafish tectum,
we targeted GCaMP3, a genetically encoded Ca2+ indicator
(GECI), to tectal neurons by crossing Tg(huC:Gal4) with
Tg(UAS:GCaMP3). This obviates the need for dye-loading proto-
cols that could interfere with neural circuit function (Tian et al.,
2009; Del Bene et al., 2010; Dombeck et al., 2010). In the
offspring larvae, GCaMP3 was expressed in a similar pattern
as GFP (Figure 1B).
Our experimental setup consisted of a custom-built multi-
photon microscope and a miniature projector to display moving
bars on a screen that surrounded the imaging chamber (Fig-
ure 1C). We imaged neurons in the central region of the cell
body layer in the contralateral tectal hemisphere (Figure 1B,
dashed box). During visual stimulation with moving bars (eight
equally spaced directions that covered 360; 0 corresponds.
Figure 2. Somatic GCaMP3 Ca2+ Transients in Different Tectal Cell
Classes
(A1) Transverse optical section from a confocal stack through the optic tectum
(OT) of a Tg(Oh:G-3;UAS:GFP;vGlut2a:DsRed) larva. Filled arrowheads
represent border between SFGS and SO. Open arrowhead indicates skin
fluorescence. Scale bar represents 50 mm.
(A2) Optical section from a Tg(Oh:G-3;UAS:GCaMP3) larva in the central
region of one tectal hemisphere. Dorsal view; circle shows cell analyzed in (A3).
Scale bar represents 20 mm.
(A3)SomaticCa2+ transientsmeasured inacell in theTg(Oh:G-3;UAS:GCaMP3)
line during presentation of bars moving in eight directions. Center: polar plot of
normalized peak amplitudes (black circles) and vector sum (red arrow).
(B1) Transverse optical section from a confocal stack through the OT of a
Tg(Oh:G-4;UAS:GFP;vGlut2a:DsRed) larva. Filled arrowheads represent
border between SFGS and SO. Open arrowhead indicates skin fluorescence.
Scale bar represents 50 mm.
(B2) Optical section from a Tg(Oh:G-4;UAS:GCaMP3) larva in the central
region of one tectal hemisphere. Dorsal view; circle shows cell analyzed in (B3).
Scale bar represents 20 mm.
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Neto a barmoving in the caudorostral [CR] direction), many neurons
showed DS Ca2+ responses. Figures 1D1–1D4 show Ca2+
signals from four somata imaged in one experiment. From the
peak amplitude of the Ca2+ transients for each stimulus direc-
tion, we calculated the preferred direction (PD) and direction
selectivity index (DSI) of all responsive neurons (Figure 1E; see
Supplemental Experimental Procedures available online). We
defined those neurons with DSI R 0.3 as DS. We observed
that all directions were represented in the labeled tectal cell
population, although the distribution of PDs was not uniform
(p < 0.001, Hodges-Ajne test for circular uniformity; Figure 1F).
A large fraction of neurons responded to the CR stimulus
(41.3% with PD ˛ [315, 22.5]), while other cells exhibited DS
for stimuli with a rostrocaudal (RC) component (42.6% with
PD ˛ [90, 270]). It should be noted that this distribution may
represent a subset of all tectal DS neurons because weakly
active cells may be missed using Ca2+ imaging. The prevalence
of CR-sensitive tectal cells found here, however, is consistent
with relatively strong CR-tuned retinal input to the tectum (Max-
imov et al., 2005; Nikolaou et al., 2012).
Distinct Gal4 Lines Label Differently Tuned DS Cell
Populations
Using approximately 600 bp of the regulatory region of the
transcription factor orthopedia a (otpa) (Ryu et al., 2007) and
a heat shock basal promoter (Halloran et al., 2000) fused
to Gal4VP16, we generated transgenic lines with Gal4VP16
expression in diverse CNS tissues (Knerr, Glo¨ck, Wolf, and
S.R., unpublished data). Unexpectedly, many showed expres-
sion in different tectal cell populations, although otpa is normally
not expressed in tectum. We crossed these transgenic lines
with a Tg(UAS:GFP) reporter line and screened for tectal
expression of GFP in order to identify lines in which specific
neuronal subsets are labeled. We isolated two lines Tg(Oh:G-3)
and Tg(Oh:G-4) in which GFP expression in the tectum was
sparse. In these lines, retinal afferents were not labeled, unlike
in the Tg(huC:Gal4) line. In the Tg(Oh:G-3) line, most of the
neuropil fluorescence was confined to the superficial layers.
Specifically, the most superficial layer of the stratum fibrosum
et griseum superficiale (SFGS) and the stratum opticum (SO)
contained GFP-positive neurites (Figure 2A1 and Figure S1A).
In the Tg(Oh:G-4) line, the GFP-positive layer in the superficial
neuropil was broader and deeper. Also, GFP-positive neurites
were rare in the most superficial layer of the SFGS (Figure 2B1
and Figure S1B).
We used these lines to drive expression of GCaMP3 in tectal
neurons (Figures 2A2 and 2B2) and investigated the DS of
labeled neurons (Figures 2A3 and 2B3). The PD and DSI of(B3) Same as (A3) but for somatic Ca2+ transients in the cell marked in (B2).
(C) DSI and PD for cells imaged in Tg(Oh:G-3;UAS:GCaMP3) (green) and
Tg(Oh:G-4;UAS:GCaMP3) (red) that showed responses to moving bars. For
[Oh:G-3], a total of 112 cells were analyzed, 69 of which responded to moving
bars (61.6%). For [Oh:G-4], a total of 217 cells were analyzed, 138 of which
responded to moving bars (63.6%). Black circle marks a DSI of 0.3.
(D) Histogram of PDs for all DS cells from (C) ([Oh:G-3]: 52 of 69 = 75.4% of
responsive cells; 52 of 112 = 46.4% of all cells; [Oh:G-4]: 118 of 138 = 85.5% of
responsive cells; 118 of 217 = 54.4% of all cells).
uron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Inc. 1149
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ure 2C. Unexpectedly, GCaMP3-positive cells in the Tg(Oh:
G-3) line responded mainly to stimuli with an RC component
(average PD: 156.4, 95% confidence interval: 132.7–180.1),
whereas the PD of cells in the Tg(Oh:G-4) line was CR (average
PD: 341.4, 95% confidence interval: 334.0–348.9) (Figure 2D).
The histogram of PDs of DS cells (Figure 2D) indicates that the
two lines label specific subpopulations of DS cells with negligible
overlap in directional tuning (Watson-Williams test for identical
mean direction: p < 0.0001). In combination with the observation
that GFP-positive neurites occupied different laminar regions in
the tectal neuropil of Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;UAS:
GFP) fish, the data suggest that DS signals could be processed
in separate neuropil layers.
Morphology and Laminar Profile of Tectal DS Neurons
In order to test whether directional tuning correlates with
morphological features such as laminar distribution or dendritic
branching in tectal DS neurons, we performed multiphoton
targeted patch-clamp recordings (Komai et al., 2006) of GFP-
or GCaMP3-positive neurons in our transgenic lines to first
measure the directional tuning curve and subsequently deter-
mine the morphology of the same neuron at the single cell level
(Figure S2A).
First, action potentials were recorded in labeled cells in the
offspring of Tg(Oh:G-3) or Tg(Oh:G-4) fish crossed to Tg(UAS:
GFP) (Figures 3A and 3B). The PD of a patched neuron was
determined from the averaged spike output during repeated
presentation of moving bars (Figures 3A and 3B, top). This esti-
mate confirmed that labeled DS cells were tuned mainly to RC
directions in the Oh:G-3 background and to CR directions in
the Oh:G-4 background (Figure 3C, inset). After break-in, the
neuron was filled with a diffusible red fluorescent indicator (sulfo-
rhodamine or Alexa 594) and after sufficient diffusion time
(30 min.), z stacks of the tectum were acquired to analyze the
morphology of the labeled neuron in three dimensions (Figures
3A and 3B, bottom, and Figures S2B and S2C). We could
observe stereotypic differences in the morphology of RC- and
CR-DS cells (Figures 3A–3C). Both RC- and CR-DS neuronal
arbors extended into the distal half of the neuropil with a proximal
branch in deep layers and more distal arborizations in the super-
ficial neuropil. Notably, the distal dendritic compartment in RC-
tuned neurons in Tg(Oh:G-3;UAS:GFP) appeared thinner, flatter,
and oriented in parallel to the superficial boundary of the tectum.
It preferentially arborized in a narrow band close to the dorsal
surface. This dorsal band, by contrast, appeared to be spared
by CR-tuned neurons in Tg(Oh:G-4;UAS:GFP) fish. CR neurons
in this line had more compact trees, were narrower in width,
and appeared to target deeper layers in a less organized fashion
than that of RC cells. The differences in laminar profile can be
seen in intensity profiles along the radial direction of the neuropil,
extending from the stratum periventriculare (SPV)/neuropil
boundary (0%) to the dorsal boundary of the neuropil (100%, Fig-
ure 3C). RC-DS neurons in Tg(Oh:G-3;UAS:GFP) fish had amore
distal dendritic compartment than CR-DS neurons in the Tg(Oh:
G-4;UAS:GFP) fish (RC cells: 84.1% ± 2.0%, n = 5; CR cells:
69.1% ± 1.7%, n = 7; mean ± SEM; p = 0.0002) (Figure 3C).
Except for one CR cell, we did not observe axons projecting1150 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Incout of the tectum for both cell types, suggesting that most of
them were interneurons.
We also succeeded in finding these functionally and morpho-
logically distinct neurons by patching unlabeled neurons in
a random sampling approach (albeit with a low success rate) in
a transgenic GFP line that labels the presynaptic retinal afferent
layers in the tectal neuropil (Figures 3D1–3E2). This approach al-
lowed us to compare the dendritic location directly to the loca-
tion of retinal input layers. In Tg(pou4f3:GFP) larvae, in which
the SO and two sublayers of the SFGS (SFGSD and SFGSF)
are fluorescently labeled (Xiao et al., 2005), we observed that
RC-DS cells and CR-DS cells were often morphologically similar
to RC-DS cells in Tg(Oh:G-3;UAS:GFP) and CR-DS cells in
Tg(Oh:G-4;UAS:GFP) fish, respectively. Profile plot analysis
showed that the thin, distal dendritic compartment of RC-DS
cells was in close apposition to the SO layer of the RGC afferent
fibers (Figure 3D2), while the dendrites of CR-DS cells arborized
more extensively in the top SFGS band but spared the most
distal regions close to the SO (Figure 3E2).
The distinct arborization patterns of these two cell types
are summarized in Figure 3F (pooled over RC and CR-DS cells
in transgenic lines Tg(Oh:G-3;UAS:GFP), Tg(Oh:G-4;UAS:GFP),
and Tg(pou4f3:GFP)). For simplicity, we will refer to these
morphologically identified classes hereafter as ‘‘type 1 cells’’
(Figure 3F, left) and ‘‘type 2 cells’’ (Figure 3F, right), respectively.
During random sampling of neurons in the Tg(pou4f3:GFP)
line, we also observed cells that had a deep dendritic tree that
did not traverse the SFGS (Figure S2D) and, in most cases (five
of seven), had an axon projecting out of the tectum. These cells
(‘‘deepcells’’) exhibiteddirectional tuning, oftenwith adownward
component (Figure 4).
Synaptic Inputs to Tectal DS Neurons Are DS
DS in visually responsive neurons may emerge when excitatory
synaptic inputs are directionally tuned. Alternatively, the output
firing of a neuron can be DS even in the presence of untuned
excitation, when the neuron instead receives DS inhibitory
synaptic inputs that selectively reduce spike probability in non-
preferred, or ‘‘null,’’ direction(s). To test which mechanism may
generate the strong directional tuning in type 1 and type 2 cells,
we identified DS cells based on their Ca2+ signals in Tg(Oh:
G-3;UAS:GCaMP3) and Tg(Oh:G-4;UAS:GCaMP3) larvae or by
recordings of spiking activity. Subsequently, we performed
whole-cell patch-clamp recordings in these cells (Zhang et al.,
2011). A representative recording of a type 1 cell showed that
excitatory synaptic currents strongly preferred the RC direction,
in agreement with the output tuning curve of cell spiking
measured in current clamp (Figures 4A and 4B; red and black
traces, respectively). When clamped around the reversal poten-
tial of glutamatergic receptor channels, outward inhibitory
currents were detected that were largest in the null direction of
this cell (Figures 4A and 4B; blue traces). Similar recordings
from morphologically identified type 1 and type 2 cells showed
that these cells receive DS excitatory inputs whose tuning curves
were similar to those of directionally tuned spike output (Fig-
ure 4C, black and red polar plots). In addition, the tuning curve
of inhibitory currents recorded in the same cells typically showed
antagonistic tuning to nonpreferred directions (Figure 4C, blue.
Figure 3. Morphology of Direction-Selective Neurons
(A) Top: cell-attached recording of a GFP-positive neuron in the Tg(Oh:G-3;UAS:GFP) line during moving bars in four directions (three individual traces per
direction). Bottom: the same cell, after break-in, filledwith sulforhodamine-B (SR-B). Maximum intensity projection is shown in an oblique view (seeG). Inset: polar
plot of the normalized number of spikes during moving bar stimulation, RC is PD. Dashed lines indicate neuropil boundaries. Scale bar represents 20 mm.
(B) Same as (A) but for a GFP-positive neuron in the Tg(Oh:G-4;UAS:GFP) line. Polar plot of normalized number of spikes shows preference for CR moving bars
(inset). Scale bar represents 20 mm. Somatic pipette in (A) and (B) was removed for clarity.
(C) Fluorescence profiles of individual tectal cells in the Oh:G-3 (green) and Oh:G-4 (red) background, respectively. Thin traces represent intensity profiles of
single filled cells in an oblique view (as in A andB). Zero percent corresponds to the boundary between periventricular cell body layer (SPV) and the neuropil, 100%
corresponds to the dorsal surface of the neuropil (see dashed lines in A and B). Thick traces indicate average profiles (Oh:G-3, n = 5; Oh:G-4, n = 7).
(D1) Top: recording of cell spiking from a randomly selected neuron in the Tg(pou4f3:GFP) line, tuned for RC moving stimuli (polar plot). Bottom: maximum
intensity projection of the same cell, after break-in, filled with SR-B (red) in relation to GFP fluorescence of retinal afferent layers (green) in an oblique view. Note
the thin afferent SO layer (top) and the broad SFGSD,F layers. Scale bar represents 20 mm.
(D2) Fluorescence profiles of individual RC-tuned cells in the Tg(pou4f3:GFP) line (red traces) and location of retinal afferent layers (SFGSD,F, SO) in the same tecta
(green traces). Thin dotted traces indicate single cell profiles (n = 3), thick traces represent average profiles. Themidpoint of the SFGSD,F band and the peak of the
SO band serve as calibration marks (0%, 100% relative distance, respectively).
(E1) Top: same as in (D1) but for a randomly selected neuron in the Tg(pou4f3:GFP) line, tuned for CRmoving stimuli. Bottom: maximum intensity projection of the
same cell, after break-in, filled with SR-B (red) in relation to GFP fluorescence of retinal afferent layers (green). Scale bar represents 20 mm.
(E2) Fluorescence profiles of individual CR-tuned cells in the Tg(pou4f3:GFP) line (red traces) and location of retinal afferent layers (SFGSD,F, SO). Thin dotted
traces indicate single cell profiles (n = 3), thick traces represent average profiles.
(F) Summary of morphological properties of DS cells. RC cells pooled from Oh:G-3 and pou4f3:GFP and CR cells pooled from Oh:G-4 and pou4f3:GFP.
Reconstructions show same neurons as in (A) and (B). Numbers specify the width, thickness, and distance from dorsal surface of the top dendritic compartment
(mean ± SEM).
(G) Schematic of viewing planes of cells and tectal layers shown in (A–F).
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Figure 4. Synaptic Inputs to Tectal
Direction-Selective Neurons Are Direction
Selective
(A) Recording of spike output (top, black traces)
and excitatory (red) and inhibitory (blue) synaptic
currents in response to moving bars in four
directions (arrows, top). Synaptic currents are
shown as average (bold traces) and individual (thin
traces) responses.
(B) Polar diagram of average number of spikes
(black) and synaptic charge transfer of the
recorded cell in (A). The cell had type 1
morphology and was tuned to RC motion.
(C) Differential tuning of three morphological tectal
cell classes. Spike output and EPSC charge of
superficial type 1 neurons (top row, n = 5) had
a strong RC component. Inhibition was tuned to
the opposite, CR direction. Spike output and
EPSCs of narrow type 2 neurons (middle row,
n = 7) were strongly tuned to CR directions. IPSCs
were mainly tuned to the opposite, RC direction. A
third class, ‘‘deep’’ cells, with no dendrites within
the SFGS, had a strong UD component, with
stronger IPSCs mainly in the DU direction (bottom
row, n = 7).
(D) Scatter plot of PD of EPSC charge versus
that of cell spiking in the three morphological
cell classes. Solid and dashed diagonal lines
represent isodirectional and null-direction tuning,
respectively.
(E) Scatter plot of PD of IPSC charge versus that of
cell spiking.
(F) Comparison of DSIs of spike output, excitatory
charge transfer, and inhibitory charge transfer
in type 1 cells, type 2 cells, and deep cells,
respectively. Error bars indicatemean ±SEM in (C)
and (F).
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Laminar Specificity of Direction-Selective Neuronspolar plots). Apart from identified type 1 and type 2 cells, we also
found that other DS cells with a dendritic tree below the SFGS
(‘‘deep cells’’) exhibited preferred-direction tuning of excitatory
currents and nonpreferred-direction tuning of inhibitory currents
(Figure 4C, bottom row).
In all DS cells studied, we observed a strong correlation
between the PD of excitatory synaptic currents (PDExc) and
that of the spike output (PDSpike) in the same neuron (r = 0.87,
p < 103, n = 19, circular correlation test; Figure 4D). PDExc
was not significantly different from PDSpike (mean[PDSpike –1152 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Inc.PDExc] = 3.6
, 95% confidence interval
[13.3, 20.5], circular one-sample t
test). Most cells also received DS inhibi-
tory inputs, whose PD was significantly
different from the PD of spike output:
(mean[PDSpike – PDInh] = 175.9
, 95%
confidence interval [98.1, 253.6],
circular t test; Figure 4E), suggesting
that inhibitory inputs were tuned to non-
preferred directions.
In identified type 1 and type 2 cells, the
absolute angular separation between
PDSpike and PDExc (jPDSpike – PDExcj)
was 18.1 ± 4.7 (n = 12). If inhibitory input tuning was the
dominant factor in controlling spike output, we would expect
PDInh to be antiparallel to PDSpike. However, PDInh was often
not strictly opposite to PDSpike (Figure 4E). The absolute angular
separation of PDInh from the null direction of spike output
(jPDInh  [PDSpike  180]j) was 61 ± 15, which was larger
than the angular separation between PDSpike and PDExc (p =
0.002, n = 12, Wilcoxon signed-rank test). Together, this
suggests that the tuning of excitatory inputs largely determines
PDSpike in these neurons.
Neuron
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type 1 and type 2 cells corroborated our earlier observation
that their directional tuning is different (p < 0.001 for PDSpike
and PDExc, p = 0.028 for PDInh; Watson-Williams test for equal
means). The excitatory charge transfer during bar stimulation
was 7.3 ± 1.2 pC and 3.6 ± 0.9 pC in type 1 and type 2 cells,
respectively, when averaged across all directions. The inhibitory
charge transfer was 2.8 ± 0.6 pC and 4.1 ± 1.0 pC in type 1 and
type 2 cells, respectively. In addition, we observed that the
mean DSI for spiking was similar to that of excitatory inputs in
type 1 cells (p = 0.063) and type 2 cells (p = 0.93, Wilcoxon
signed-rank tests), while it was somewhat larger in deep cells
(p = 0.04) (Figure 4F). The mean DSI of inhibitory currents was
not different from that of spike output tuning curves for the three
cell types (p > 0.29 for all cell types, Wilcoxon signed-rank test).
In summary, this suggests that directionally tuned excitatory
synaptic currents determine the PD of these morphologically
identified DS cells, and differently tuned synaptic inhibition
contributes to sharpening the directional response.
Laminar Organization of Postsynaptic Direction
Selectivity in the Tectal Neuropil
Whole-cell recordings showed that DS type 1 and type 2 cells in
our transgenic lines received strongly tuned excitatory inputs in
response to moving bars. We next searched for the source of
this DS excitatory drive by imaging Ca2+ transients in postsyn-
aptic and presynaptic compartments of the tectal neuropil.
Specifically, we asked whether RGC axonal compartments
exhibit DS signals that functionally colocalize with postsynaptic
dendrites of type 1 and type 2 cells, which would provide strong
evidence for retinal DS axons being the source of DS excitatory
drive in these cells.
To address this question, we first imaged Ca2+ transients in
optical sections of the neuropil in Tg(Oh:G-3;UAS:GCaMP3)
and Tg(Oh:G-4;UAS:GCaMP3) fish individually (Figures 5A1–
5B6). In these experiments, local directional preference was
estimated by assigning a local DSI and PD for a sliding window
across the central neuropil region (boxed region in Figure 5A1).
Color-coded PD maps showed strong tuning for moving bars
with an RC component in the distal region of the tectal neuropil
in Tg(Oh:G-3;UAS:GCaMP3) fish, consistent with the prevalence
of DS type 1 cells in this line (Figure 5A3). To quantify how DS is
distributed along the radial direction of the neuropil, we gener-
ated histograms showing the relative frequency and strength of
different PDs by summing their DSIs at a given distance from
the SPV/neuropil boundary. Examples for three different levels
are shown in Figure 5A4. A color-coded histogram of PDs in
the central tectal neuropil in this experiment (Figure 5A5) had
a clear maximum of summedDSIs for stimuli in the RC-DU direc-
tion near the 80% level of the tectal neuropil. This trend is corrob-
orated when similar PD histograms from the neuropil of several
Tg(Oh:G-3;UAS:GCaMP3) fish were peak scaled and averaged
(Figure 5A6 and Figure S3).
A similar analysis was performed in the neuropil of Tg(Oh:
G-4;UAS:GCaMP3) fish. A sliding window DS analysis showed
that most regions were selective for CR stimuli (Figures 5B2–
5B4). Notably, the tectal range in which postsynaptic compart-
ments showed the strongest CR-selective Ca2+ transients wasNeconcentrated in a region near the 75% level of the tectal neuropil
(single sweep data in Figure 5B5, average Figure 5B6). This
comparison of neuropil Ca2+ transients in Tg(Oh:G-3;UAS:
GCaMP3) and Tg(Oh:G-4;UAS:GCaMP3) fish suggests that
type 1 cell dendrites support RC signaling and branch more dis-
tally than type 2 cell dendrites, which carry mostly CR-DS
signals. To make this finding more robust against variability in
imaging depth and measurement of neuropil distance, we
repeated the same experiment in triple transgenic Tg(Oh:G-3;
Oh:G-4;UAS:GCaMP3) fish, which should simultaneously ex-
press GCaMP3 in type 1 and type 2 cells. Notably, a sliding
window analysis showed that different GCaMP3-positive com-
partments in the neuropil exhibited different DS signals in the
same sweep. This is visualized in the color-coded PD map (Fig-
ure 5C3) and analyzed using PD histograms at different levels
along the radial direction (Figure 5C4). The averaged PD histo-
gram (Figure 5C5) in this line shows peaks at around 0, repre-
senting CR, and near 110, corresponding to RC-DU stimuli
(see Figure S3). Importantly, we observed a trend that compart-
ments tuned for stimuli with RC components were localized
more distally than compartments tuned for CR stimuli in the
same experiment (CR peak at 74.5% ± 7.5%; RC peak at
82.1% ± 6.3%; Gaussian fit curves, mean ± SD; see Figure 5C6).
This corroborates that DS tuning is organized in a layer-specific
manner. Next, we explored the possibility that RGC inputs in the
tectum carry DS signals that could directly serve to provide the
postsynaptic DS excitatory drive to type 1 and type 2 cells.
Laminar Organization of Direction Selectivity in RGC
Presynaptic Compartments Matches that of
Postsynaptic Compartments
To characterize DS in presynaptic RGC axon terminals in the
neuropil, we used the panneuronal Tg(huC:Gal4;UAS:GCaMP3)
line and isolated presynaptic Ca2+ signals by locally applying
blockers of glutamatergic transmission to the tectum using a
local perfusion pipette (Figure 6A; Figure S4). The dorsal half of
the tectal neuropil (including SFGS and SO) was imaged and
a sliding window was used to assign local PD and DSI values
as a function of distance from the SPV/neuropil boundary
(Figures 6A–6C). Remarkably, presynaptic compartments ex-
hibited strong, directionally tuned Ca2+ signals (e.g., Figures
6B and 6C), indicating that DS-RGCs carry retinally processed
DS signals to the tectal neuropil. More importantly, the PDs of
presynaptic DS Ca2+ transients were distributed in a layered
fashion, with a strong preference for CR motion in a narrow
band near the 78% level of tectal neuropil and RC motion
components in more distal and proximal regions (Figures 6C
and 6D). The CR-preferring thin layer (red band in Figure 6C,
top) colocalized with a brightly labeled boundary in Tg(huC:
Gal4;UAS:GCaMP3) fish (Figure 6C, bottom), which could
represent a superficial sublayer of the SFGS, but below the SO.
To test for colocalization of pre- and postsynaptic DS signals
with respect to their PDs,weplotted the averagedPDhistograms
of pharmacologically isolated RGC-terminal Ca2+ transients (Fig-
ure 6E, top) andof postsynapticCa2+ transients in type 1 and type
2 cell dendrites in the Tg(Oh:G-3;Oh:G-4;UAS:GCaMP3) fish
(Figure 6E, bottom) and compared their direction-specific inten-
sity profiles (Figure 6F). This analysis showed that the distributionuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Inc. 1153
Figure 5. Directional Tuning of Dendritic Ca2+ Transients in Distinct Classes of Tectal Neurons
(A1–A6) Dendritic Ca2+ signals in the Oh:G-3 background are tuned to moving stimuli with an RC component.
(A1) Optical section of neuropil in a Tg(Oh:G-3;UAS:GCaMP3) fish. Image is rotated to orient tectal layers vertically. Yellow rectangle circumscribes region shown
in (A3). Small green square and arrow indicate sliding ROI to analyze local Ca2+ signals. Scale bar represents 20 mm.
(A2) Ca2+ transients measured in the small green box in (A1) in response to bars moving in eight directions (grey lines, individual traces; black line, average).
Center: polar plot of normalized peak amplitudes of Ca2+ transientsmeasured in green square from (A1). Arrow shows vector sum of normalized peak amplitudes,
indicating PD and DSI.
(A3) Top: color map encoding local PD and DSI for rectangular region shown in (A1). Hue encodes direction, and saturation indicates DSI value (compare color
table in inset). Bottom: color map overlaid with grayscale image.
(A4) Histograms of local PDs in the neuropil at three levels from the SPV/neuropil boundary. Levels are indicated by vertical lines in (A3); level a, 65%; level b, 78%;
level c, 86% relative distance. Histograms represent the sum of DSI values for binned PDs (bin width 10) at a given relative distance within the neuropil.
(A5) Color representation of histograms of PDs from deep (0%) to superficial (100%) boundary in the neuropil. Color encodes summed DSIs (
P
DSI). Columns at
levels a, b, and c correspond to PD histograms shown in (A4). Data are from a single trial (three repetitions of eight stimulus directions, same as A1–A4).
(A6) Average of color PD histograms from six Tg(Oh:G-3;UAS:GCaMP3) fish. Individual color histograms were normalized and averaged < DSInorm >. Note
a pronounced accumulation of DSI for stimuli with RC components (between 90 and 270).
(B1–B6) Same as (A1–A6) but for Tg(Oh:G-4;UAS:GCaMP3). A small sliding ROI (red square and arrow in B1) was used to calculate local PD andDSI. Note that the
neuropil Ca2+ signals are substantially tuned for CR directions (0) in the single trial (B5, same data as B1–B4) and the average PD histogram from six fish (B6).
(C1) Optical section of neuropil in a triple transgenic Tg(Oh:G-3;Oh:G-4;UAS:GCaMP3) fish.
(C2) Ca2+ transients measured from small boxed ROIs (red and green arrows in C1, respectively) during the same stimulus trial. Center: corresponding polar plot
with normalized DF/F amplitudes and PD, showing opposite tuning.
(C3) Top: color map encoding local PD and DSI for rectangular region in (C1). Color look-up table is the same as in inset above (A3). Bottom: color map overlaid
with grayscale image.
(C4) Histograms of local PDs at levels a, b, and c in the neuropil in this line. Same binning method as in (A4). Different layers prefer different directions in the
same trial.
(C5) Color representation of PD histograms from 0% to 100% relative distance in neuropil in the Tg(Oh:G-3;Oh:G-4;UAS:GCaMP3) line. Average map from 16
optical sections in nine fish, normalized and averaged as in (A6) and (B6). Color encodes mean normalized DSIs (<DSInorm >).
(C6) Intensity profiles measured between the 50% and 100% level of neuropil. Profiles were averaged for CR directions (red bar in C5, red line in C6) and for RC
directions (green bars in C5, green line in C6) separately. DSI for RC directions exhibits a maximum at more superficial levels than that for CR directions (dashed
lines are Gaussian fit curves).
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Laminar Specificity of Direction-Selective Neuronsof CR-DS postsynaptic compartments overlapped considerably
with the accumulation of CR-DS presynaptic compartments
near the 78% level of the distal neuropil (Figure 6F, red traces).1154 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier IncSimilarly, the position of RC-DS postsynaptic compartments
was in good agreement with the location of a distal band in the
distribution of RC-DS presynaptic compartments..
Figure 6. Laminar Organization of Direction
Selectivity in Presynaptic Compartments of
Tectal Neuropil
(A) Optical section of neuropil in a Tg(huC:
Gal4;UAS:GCaMP3) larva. Grey square indicates
region imaged at higher spatial resolution. Yellow
rectangle circumscribes region shown in (C). Small
green and red squares indicate sliding ROI to
analyze local Ca2+ signals. Scale bar represents
20 mm.
(B) Ca2+ transients measured in the small green and
red square in (A) in response to moving bars (thin
lines, individual traces; thick line, average). Center:
polar plot of normalized peak amplitudes of Ca2+
transients measured in green and red square from
(A). PD and DSI indicated by green and red arrows.
(C) Top: color map encoding local PD and DSI for
rectangular region in (A). Color look-up table is the
same as in the inset in Figure 5A. Bottom: color map
overlaid with grayscale image.
(D) Color representation of histograms of PDs from
deep (0%) to superficial (100%) boundary in the
neuropil during block of postsynaptic activity. Color
encodes summed DSIs (
P
DSI). Levels a, b, and c
(65%, 78%, and 86% relative distance) are indi-
cated in (C–E) for comparison. Data are from a single
trial (three repetitions of eight stimulus directions).
(E) Top: presynaptic PD histograms averaged
from 16 optical sections in seven fish. Individual
color histograms were normalized and averaged
< DSInorm >. Note the pronounced accumulation of
CR directional signals near level b versus non-CR
directional signals above and below this layer.
Bottom: postsynaptic PD histogram from the
Tg(Oh:G-3;Oh:G-4;UAS:GCaMP3) line, same plot
as in Figure 5C5, for comparison. Note the overlap of
CR directional signals near level b and the overlap of
RC directional signals at more superficial levels near
level c. Note logarithmic color scale, which applies
to both panels.
(F) Intensity profiles measured between the 50%
and 100% level of neuropil in the Tg(huC:Gal4;
UAS:GCaMP3) line (‘‘Pre’’) and the Tg(Oh:G-3;Oh:
G-4;UAS:GCaMP3) line (‘‘Post’’). Profiles were
averaged for CR directions (red bars in E, red curves
in F) and for RC directions (green bars in E, green
curves in F) separately and peak scaled for the distal
maximum. Pre- and postsynaptic directional signals
show substantial overlap for CR and RC stimuli,
respectively (shaded areas).
(G) Histogram of presynaptic PDs in the top 35% of
tectal neuropil. DSIs were summed according to
binned PDs, exhibiting three peaks (5, CR; 129,
RC-DU; and 218, RC-UD). Smooth curves are
Gaussian fits to histogram.
(H) Comparison of somatic and neuropil Ca2+
signals during local application of APV and CNQX
and during control (NPsup, superficial neuropil;
NPdeep, deep neuropil, SPV, periventricular cell
body layer). Error bars indicate mean ± SEM.
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Laminar Specificity of Direction-Selective NeuronsThe data can also be used to analyze the distribution of PDs of
presynaptic Ca2+ signals in the top third of the neuropil (levels >
65%). We observed three peaks from Gaussian fits to the histo-
gram of summed DSIs, at 5 (corresponding to CRmotion), 129
(RC-DU motion), and 218 (RC-UD motion) (Figure 6G), in good
agreement with the PD of three DS-RGC types projecting to
the teleost tectum (Maximov et al., 2005; Nikolaou et al., 2012).
Figure 6H shows that local perfusion with blockers of glutama-
tergic transmission effectively abolished postsynaptic activity
in response to visual stimulation (see also Figures S4B and
S4C). In summary, these results suggest that DS-RGC axons
carry distinct DS signals to separate, superficial layers in the
tectal neuropil, where they are in an ideal position to provide
the DS excitatory drive to DS type 1 and type 2 cells because
of their matching laminar arborization profile.
Neurotransmitter Phenotype of Cells Labeled in the
Oh:G-3 and Oh:G-4 Line
If DS-RGCs are the likely source of DS excitatory input to type 1
and type 2 cells, it remains unclear what the cellular origin of DS
inhibition to these cells may be, since DS-RGCs are thought to
be exclusively excitatory. A simple possibility that could explain
the null-direction inhibition we observed in these cells is that type
1 and type 2 cells inhibit each other reciprocally, provided that
they release inhibitory transmitters.
In order to test this hypothesis, we determined the transmitter
type of type 1 and type 2 cells in our transgenic lines. First, we
crossed Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;UAS:GFP) to
Tg(vglut2a:DsRed) animals in order to visualize glutamatergic
neurons (Satou et al., 2012). In the triple transgenic line
Tg(Oh:G-3;UAS:GFP;vglut2a:DsRed), brightly labeled GFP-
positive cells, which extended a prominent dendrite into the
distal neuropil, were negative for DsRed (arrows in Figure 7A,
top). Similarly, in Tg(Oh:G-4;UAS:GFP;vglut2a:DsRed) larvae,
the strongly labeled GFP cells were negative for DsRed (arrows
in Figure 7A, bottom). This suggests that strongly expressing
neurons in the Tg(Oh:G-3) and Tg(Oh:G-4) line are not glutama-
tergic. Since glycinergic cells are not present in the optic tectum
at larval stages (Higashijima et al., 2004), it is likely that they were
GABAergic.
To corroborate this, we performed whole-mount in situ hybrid-
izations in Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;UAS:GFP) with
RNA probes for gad65/67 and vglut2 (Higashijima et al., 2004)
and compared this with the expression of GFP using immunohis-
tochemistry (Figures 7B and 7C). Figure 7B shows a confocal
image of a fluorescently labeled tectal hemisphere. In accor-
dance with previous results, cell bodies in the superficial neuropil
layer (the superficial interneurons [SINs] located in the SO) were
GABAergic (Del Bene et al., 2010). Two representative examples
of cells in the Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;UAS:GFP)
line (Figure 7C) show that GFP-positive cell bodies are positive
for gad65/67 and negative for vglut2. We quantified the mean
fluorescence inside the GFP-positive somata in the green and
red channel and normalized these values to the mean fluores-
cence in a 30 mm 3 30 mm region outside of the somata
(Figure 7D). The signal in the green (gad65/67) channel was
significantly larger inside the somatic region than outside,
whereas the opposite was observed for the signal in the red1156 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Inc(vglut2) channel. In summary, this suggests that type 1
and type 2 cells in the Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;
UAS:GFP) line are GABAergic.
A possible DS circuit motif based on our findings in the optic
tectum is depicted in Figure 7E. We propose that DS-RGCs
with distinct PDs terminate in different sublamina of the superfi-
cial tectal neuropil, where they provide DS excitatory inputs to
DS type 1 and type 2 cells. These neurons are GABAergic and
may provide DS inhibitory inputs to each other and to other,
unidentified tectal cells.
DISCUSSION
In this study, we describe a remarkable correlation between the
PD of directionally tuned neurons and their laminar arborization
profile in the optic tectum of larval zebrafish. In the tectum,
different cell morphologies have been linked to genetic signa-
tures for some cell types (Scott and Baier, 2009; Robles et al.,
2011). On the other hand, recent measurements of directional
tuning have found DS neurons within a global tectal cell popula-
tion but without genetic or morphological discrimination (Niell
and Smith, 2005; Ramdya and Engert, 2008; Sumbre et al.,
2008). Here, we provide evidence that DS neurons with different
PDs arborize in distinct layers in the superficial, retinorecipient
layers of the neuropil. Furthermore, we isolated transgenic lines
that express GFP or GCaMP3 in these cell types of opposite
directional tuning. Excitatory synaptic inputs were directionally
tuned and matched the PD of spike output in these cells, while
inhibitory inputs were often tuned to nonpreferred directions. In
conclusion, the correspondence between structure and function
of tectal DS neurons suggests that higher stimulus features
could be processed and transmitted within specialized sub-
layers in the tectal neuropil. This indicates that the central prin-
ciple of laminar-specific feature extraction may also apply to
visual centers beyond the vertebrate retina (Roska and Werblin,
2001; Wa¨ssle, 2004).
Morphology Correlates with Directional Tuning
in Identified Tectal Neurons
We found two morphologically distinct DS cell types with oppo-
site PDs. One class (‘‘type 1’’), selective for RC motion compo-
nents, was bistratified, with a distal dendritic arborization tightly
restricted to a band within the SFGS/SO border region and a
smaller arborization between the SFGS and SGC. The mor-
phology of this type resembled that of a bistratified periventricu-
lar interneuron type (bs-PVIN), which is selectively targeted using
a dlx5/6 enhancer element (Robles et al., 2011). Those bs-PVINs
were found to be negative for GABA immunoreactivity, unlike the
bistratified type 1 neurons in our study. This raises the possibility
that morphologically similar cell types in the tectum could differ
in transmitter phenotype, which could be the result of homeo-
static or activity-dependent transmitter specification (Spitzer,
2012). Another cell class (‘‘type 2’’) was CR-DS and had a
dendritic/axonal tree that was less confined to a narrow band
but ramified to a greater extent in the middle and superficial sub-
laminae of theSFGS (SFGSB,D). Furthermore, it showed a second
band of neurites at the border between the SFGS and the SGC.
Somata of this cell type did not colocalize with vglut2a:DsRed.
Figure 7. Neurotransmitter Phenotype of
Direction-Selective Neurons in Specific
Gal4 Lines
(A) Tg(Oh:G-3;UAS:GFP) fish (top row) and Tg(Oh:
G-4;UAS:GFP) fish (bottom row) were crossed
with Tg(vglut2a:DsRed) fish (confocal images). In
both Tg(Oh:G-3) and Tg(Oh:G-4) fish, brightly
labeled GFP-positive cells (arrows) were negative
for DsRed. Scale bar represents 20 mm.
(B) Confocal image of a whole-mount in situ
hybridization of a Tg(Oh:G-3;UAS:GFP) larva. NP,
neuropil; SPV, periventricular cell body layer.
Arrowheads point to GABAergic SINs. Scale bar
represents 50 mm.
(C) Details of a whole-mount in situ hybridization of
Tg(Oh:G-3;UAS:GFP) and Tg(Oh:G-4;UAS:GFP).
Scale bar represents 10 mm. Note that anti-GFP-
labeled cells (blue) are visible in the green (gad65/
67) channel but not in the red (vglut2) channel.
(D) In confocal images from the whole-mount
in situ hybridization of Tg(Oh:G-3;UAS:GFP) and
Tg(Oh:G-4;UAS:GFP), the mean fluorescence
intensity within the region of GFP-positive somata
in the GAD65/67 channel (green) and vGlut2
channel (red) wasmeasured and normalized to the
respective mean fluorescence intensity outside
the soma (after background subtraction). In both
lines, green fluorescence was significantly higher
within GFP-positive somatic regions than outside.
Red fluorescence was significantly lower within
these GFP-positive somatic regions (Tg(Oh:G-3;
UAS:GFP): n = 42 somata; Tg(Oh:G-4;UAS:GFP):
n = 40 somata). Error bars indicate mean ± SEM.
(E) Schematic drawing representing a possible DS
circuit motif in OT. DS type 1 and type 2 cells
receive DS excitatory input from layer-specific
DS-RGC axons and may provide reciprocal inhi-
bition onto each other and onto other, unidentified
tectal neurons.
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Laminar Specificity of Direction-Selective Neuronsfluorescence and were positive for GAD65/67, suggesting that
they were GABAergic as well. During random selection of
neurons for patch-clamp analysis, we also observed a cell type
that showed preference for stimuli with UD components, whose
dendritic/axonal branches were mostly located in the deeper
layers of the SGC. Remarkably, many of these cells did not
extend neurites into the SFGS, apparently avoiding contact
with the RGC axon terminals labeled in the Tg(pou4f3:GFP)Neuron 76, 1147–1160, Deline. The conspicuous hairpin loop made
by a primary neurite close to the SFGS
(Figure S2D3) suggests that repulsion
due to molecular interaction between
pre- and postsynaptic structures could
be responsible for this avoidance.
Mechanisms of Direction
Selectivity in the Optic Tectum
Several mechanistic models have been
proposed that can explain DS (Barlow
and Levick, 1965; Adelson and Bergen,
1985; Priebe and Ferster, 2005; Borstand Euler, 2011; Vaney et al., 2012). These differ in particular in
two aspects: one is the degree in which excitatory inputs are
directionally tuned and thus control the directional tuning of the
postsynaptic cell. Another is the role of inhibitory input tuning
in the same or opposite direction (preferred- versus null-direc-
tion inhibition). In the tectal DS neurons described here, the spike
output tuning curve was aligned with the tuning of excitatory
inputs. This suggests that presynaptic excitatory DS neuronscember 20, 2012 ª2012 Elsevier Inc. 1157
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Laminar Specificity of Direction-Selective Neuronsdetermine the PD of these cell types. In addition, a spike
threshold may suppress nonspecific excitatory inputs and
contribute to sharpening the directional response in the pres-
ence of noise (Priebe and Ferster, 2005). Furthermore, inhibitory
inputs were tuned to the null direction in most, but not all, of the
morphologically identified neurons described here. Recently,
null-direction inhibition was suggested to underlie directional
tuning in randomly selected tectal neurons of undescribed
morphology (Grama and Engert, 2012). Here, using multiphoton
targeted patch-clamp recordings, we identified morphologically
distinct inhibitory type 1 and type 2 cells, which are good candi-
dates for providing the source of such DS inhibition. It should be
noted, however, that the pronounced DS of excitatory inputs in
these cell types argues against the notion that null-direction
inhibition critically determines the emergence of DS spike output
in tectal neurons in general. In addition to shaping the output
tuning curve, inhibition may also be important in controlling the
timing of spike output. We observed that firing rate peaked at
times when EPSCs reached their maximum during bar presenta-
tion but dropped when EPSCs and inhibitory postsynaptic
currents (IPSCs) coincided in time, both in preferred and non-
preferred directions. Also, short firing rate bursts could be
seen after decay of inhibitory currents in some cases, consistent
with a postinhibitory rebound mechanism for spiking. More
experiments are necessary to determine how the timing of
excitation and inhibition shapes the temporal code of tectal
motion processing.
A parsimonious explanation for how DS emerges in type 1 and
type 2 neurons builds on the finding of lamina-specific targeting
of dendritic/axonal compartments together with directionally
tuned synaptic excitation. It has been shown structurally that
axons of DS-RGCs arborize in a layer-specific fashion in the
superficial layers of the superior colliculus (Huberman et al.,
2009; Kay et al., 2011). Here, we provide functional evidence in
support of layer-specific DS-RGC input by directly imaging
presynaptic DS Ca2+ signals in the most superficial retinoreci-
pient layers (Figure 6). This is consistent with the recent finding
that Ca2+ signals are tuned to tail-to-head (CR)motion in a super-
ficial sublayer of SFGS (Nikolaou et al., 2012), using presynaptic
Ca2+ indicators of the SyGCaMP family (Dreosti et al., 2009).
Given the tight regulation of laminar specificity by molecular
recognition mechanisms (Huberman et al., 2010; Sanes and
Zipursky, 2010), it seems plausible that the genetic expression
profile determines both the dendritic wiring pattern in the retinal
inner plexiform layer (IPL), which determines the PD (Briggman
et al., 2011), and the precise tectal stratum the axon terminals
preferentially innervate. Postsynaptic tectal cell types arborize
in different layers in the SFGS, which correlates with their molec-
ular profile (Robles et al., 2011; this paper). In such a model of
lamina-specific functional specialization, basic DS is not the
result of intratectal computation within the local circuitry.
Instead, it is the result of spatial separation of different features
of the visual scene already analyzed in the retina (Gollisch and
Meister, 2010) and conveyed to the tectum by different signaling
channels into different strata. This model also provides a simple
explanation why tectal cells show matching PDs when either
the contra- or ipsilateral eye is stimulated in artificially induced
binocular tectal circuits (Ramdya and Engert, 2008): if DS-RGCs1158 Neuron 76, 1147–1160, December 20, 2012 ª2012 Elsevier Incinnervate different tectal sublaminae depending on a molecular
recognition mechanism, they are likely to do so independent of
which eye they are located in. A tectal neuron will then arborize
and receive input from the tectal lamina(e) it is specified to
connect to and therefore receive consistent DS signals from
both eyes.
Functional Role
The two DS cell classes identified here were often inhibited by
stimuli moving in nonpreferred directions. What may be the
source of these DS inhibitory inputs? GABAergic SINs branch
horizontally in the dorsal neuropil (Del Bene et al., 2010), where
they could contact the distal dendrites of type 1 and/or type 2
neurons. Another attractive possibility is that type 1 and type 2
cells inhibit each other reciprocally. This is because (1) their spike
output is tuned in opposite directions, (2) they exhibit a -
GABAergic phenotype, and (3) their lower dendritic/axonal
compartments branch in a similar layer at the SGC/SFGS border,
where they could form synaptic contacts between each other. In
this model of reciprocal inhibition, homotypic inhibitory connec-
tions within the class of type 1 and type 2 cells would occur less
frequently because inhibitory currents were relatively small
during preferred-direction stimuli.
What could be the functional role of these cell types in tectal
motion processing? Because of their branch patterns in the
deeper neuropil, it is plausible that type 1 and type 2 cells form
synaptic contacts with projection neurons representing the
output stage of the tectum. These may control orienting swims
toward small, prey-like objects in a graded manner, consistent
with a role of the optic tectum/superior colliculus in directing
eye and body movements toward a moving target (Krauzlis
et al., 2004; Gandhi and Katnani, 2011). A possible role for inhib-
itory type 1 and type 2 cells studied here then could be that they
invert the sign of an excitatory DS motion signal from DS-RGC
axons and relay it to deep tectal projection neurons. This form
of feedforward null-direction inhibition could contribute to fine-
tuning the direction of an orienting swim, for example, if the
amplitude of the orientingmovement is not only set by the instan-
taneous position but also by the direction of motion of the prey. If
appropriately wired to projection neurons that code for turning
angle, these DS inhibitory relay neurons could bias the turning
amplitude to the anticipated position of the prey by inhibiting
those projection neurons that provide bias for the opposite direc-
tion. In this hypothetical picture, reciprocal inhibition between
type 1 and type 2 inhibitory cells could serve to balance the
mutual inhibitory influence in the presence of competing stimuli
(Mysore and Knudsen, 2012). Further behavioral, functional,




Zebrafish maintenance and breedings were carried out under standard condi-
tions (Westerfield, 2007). Wild-type zebrafish larvae and nacremutants (Lister
et al., 1999) (6–8 days post fertilization) were anaesthetized using 0.02%
Tricaine (Sigma) in embryo medium (Westerfield, 2007) or extracellular
recording solution. Larvae were paralyzed by incubation in alpha-bungaro-
toxin (1 mg/ml; Tocris) for 5–10 min and transferred to the recording chamber..
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Laminar Specificity of Direction-Selective NeuronsLarvae were mounted in an upright position using tungsten pins (20 mm) held
with minutia pins (Masino and Fetcho, 2005) on a sylgard shelf (Figure 1C).
All procedures were performed according to the guidelines of the German
animal welfare law and approved by the local government.
Calcium Imaging and Visual Stimulation
Calcium imaging was performed using a custom-built upright multiphoton
microscope equipped with a 203, 1.0 NA water-immersion objective
(Zeiss). Excitation light was provided by a Chameleon Ultra II Ti:Sapphire laser
(Coherent) tuned to 950 nm. The detection pathway consisted of two
band-pass filters (HQ 515–530 m for GCaMP3/GFP and HQ 610–675 m for
sulforhodamine-B and Alexa Fluor 594, Chroma) with photomultiplier tubes
(H10770PB-40, Hamamatsu). Fluorescence time series were recorded at
a resolution of 256 3 256 pixels and a frame rate of 3.4 Hz.
A recording chamber was custom built from clear Perspex glass and pol-
ished. The chamber wall was enclosed by a diffusive screen (Rosco). Visual
stimuli were programmed in VisionEgg (Straw, 2008) and generated with
a microprojector (PK102, Optoma). To avoid bleed-through of stimulus light
into the detection pathway of the microscope, the built-in red, green, and
blue LEDs of the microprojector were externally supplied by a custom-built
power source that was synchronized to the fly-back interval of the laser
beam at the end of each line, during which no fluorescence data were acquired
(fly-back width 0.33 ms, line frequency 864 Hz, 28.5% duty cycle). This gener-
ated a virtually flicker-free stimulus sequence. The animal was positioned with
the right eye facing the center of the projection area, which covered90 of the
visual field. The stimulus was a white bar on dark background, moving at
a speed of 35/s, in four or eight directions evenly spanning 360.
Electrophysiological Recordings
For whole-cell recordings in the tectum, the skin overlying the midbrain was
cut with an etched tungsten needle and removed with fine forceps. The extra-
cellular recording solution contained 134 mM NaCl, 2.9 mM KCl, 2.1 mM
CaCl2, 1.2 mM MgCl2, 10 mM HEPES, and 10 mM glucose; pH 7.8/290
mOsm/kg. Patch pipettes were pulled from borosilicate glass (Hilgenberg,
outer diameter 2 mm, inner diameter 1 mm) and filled with internal solution
(125 mM K-gluconate, 10 mM HEPES, 10 mM EGTA, 2.5 mM MgCl2, 4 mM
ATP-Na, and 0.3 mM GTP; pH 7.3/285 mOsm/kg). In some experiments,
K-gluconate was replaced with Cs-gluconate to minimize voltage-gated and
leak potassium conductances during voltage-clamp recordings. To analyze
neuronal morphology, we added sulforhodamine-B or Alexa Fluor 594
hydrazide (both 360 mM; Invitrogen) to the internal solution. Open tip resistance
was 7–9 MU. Input resistance of tectal neurons was 2.8 ± 0.3 GU (n = 19).
Patch-clamp recordings were performed using a Multiclamp 700B amplifier
(Molecular Devices). Signals were filtered at 3 kHz and recorded at 10–20
kHz using a PCIe-6251 board and custom-written LabVIEW data acquisition
software (version 8.6, National Instruments). To isolate excitatory and inhibi-
tory synaptic currents, we voltage clamped cells at 60mV (close to the
reversal potential of GABA receptor channels) and 0mV (close to the reversal
potential of glutamate receptor channels), respectively.
Cell spiking was recorded in the cell-attached mode or in the whole-cell
current-clamp configuration. During current-clamp recordings, small hyperpo-
larizing current was injected in some cases to keep the cell at a resting poten-
tial near60mV. In current clamp, action potentials were often small but could
clearly be detected as spikes by taking the derivative of the voltage trace due
to the fast depolarization of the membrane potential at spike onset.
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